Introduction
FISCHER 1 and RUKA et al. 2 have recently discussed results obtained by operating a thermo-cell consisting of a doped zirconia electrolyte with two reversible oxygen electrodes.
While RUKA deals with a single Zr02 -CaO solid solution, FISCHER studies yttria stabilized zirconia and calcia stabilized zirconia (CSZ). Both authors operate their cells at different partial pressures of oxygen.
In this paper the dependence of the thermoelectric power on the concentration of the oxygen vacancy within the single phase field of the system Zr0.2 -CaO -MgO is studied. The knowledge of the concentration dependence of the thermal emf is in fact important for a deeper understanding of the nonisothermal transport processes, as stabilized zirconia can be considered, to some extent, as a model system for ionic solids.
The reversibility of oxygen electrodes allows [3] [4] to describe unambiguously the heterogeneous part of the thermoelectric power 5 , and the defect model for CSZ as well as the isothermal transport properties are sufficiently well known to discuss the homogeneous part of the thermoelectric power.
effectively followed, which can be described by the equations
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Me203-^2Mezr +30o + VÖ (lb) where the KROGER and VINK symbols have been used, Mezr being a bi-valent impurity on a cationic lattice position, OQ and oxygen ion on a regular lattice site and Vo an oxygen vacancy. The transport number of the anion in stabilized zirconia is known to be very close to one 3 ' [7] [8] [9] [10] . Table 1 shows some relevant data for isothermal transport processes in cubic zirconia. From these data the ratio of the calcium and oxygen ion diffusion coefficients at 1000 °K results to be £>CWAJ-= 2.27-10-9 .
The transport number for the electrons te has been experimentally determined with oxygen permeation experiments by supposing that oxygen diffuses across a stabilized zirconia lattice only if an electronic transport takes place.
Composition
Diffusion On the Thermal Transport in CSZ As emphasized above, for stabilized zirconia a Iransport model with one single charge carrier (i. e. the oxygen ion) can be employed.
Therefore, because of the electroneutrality an oxygen ion concentration gradient never builds up and one has the phenomenological relationships 21
Here Jo' and ]q are the oxygen ion 25 and heat fluxes referred to the cation lattice; Lo = ,o = > Jo",q, Lq<o~ and Lqq are the phenomenological coefficients. The forces Xo' and Xq are defined as:
The parameter Qo-is the heat of transport of the oxygen ion. From Eq. (4 a) by an Onsager relationship (L;, j = Lj ;) one obtains
an therefore, for Jo" = 0 grad T 2 F grad cp -Q*0= = 0.
(8)
It results that the homogeneous part £hom of the thermoelectric power is
In the literature 2 one may find also equations which in our case should be written as:
In this equation Qo= is a _heat of transport different from Qo=, {Qo== Qo=~ #o = ) an( l Ho' is the partial molar enthalpy of the oxygen ion 28 .
Equation (10) is obtained when using instead of the force defined in Eq. (5 a) the following one
which however implies a system of fluxes and forces not independent. When considering, as before, that the oxygen ion is a constitutive part of the system and ignoring any microscopic description, the heterogeneous part £het of the total thermoelectric power, for an electrode reaction 0=^0.50o + 2e (11) results to be 22
where 5os and SQ" are the molar entropy of the pure oxygen gas and the partial molar entropy of the oxygen ion in the electrolyte respectively. From Eqs. (9) and (12) tering temperature is 1600 °C) with two different batches of Zr02 (see Table 2 for analytical data). In both batches Hf is present, which behaves nevertheless as zirconium. The entire set of samples was checked for Ca-content with X-ray fluorescence analysis and for structure. X-ray patterns indicated the presence of a single cubic phase for the entire set of compositions investigated. Sintered samples were platinized on both sides to ensure good triphasic contacts. Vacuum sputtered platinum as well as fired Pt paste contacts were indifferently used without relevant differences.
The cell for thermal emf measurements is shown in Fig. 1 , where it appears that a small auxiliary oven (^ 20 VA) is used for obtaining a temperature gradient 29 . A thick Pt tube at the cold electrode works as a heat sink and allows sensibly constant temperature gradients to be maintained within the zirconia electrolyte; the maximum temperature gradient used is 30 °C. Thermal emf and electrode temperatures are automatically measured and recorded by means of a digital voltmeter and digital recorder (Dymec system, HewlettPackard) .
Emf's are measured with an accuracy better than + 2.5/^V and the experimental reproducibility was shown to better than ± 5 /uY when the system is brought for about two hours at T !> 1000 °C as a preliminary conditioning step. Fig. 2 shows as an example some AE vs. AT plots obtained at Pt/02 electrodes. A pressure of oxygen of one atmosphere was used in the entire set of measurements which are discussed here. Table 3 where the result of a single experiment carried out on a yttria stabilized zirconia is reported as well 30 .
Results and Discussion

Thermoelectric power results are reported in
It is a common trend of the electrical transport parameters (as the electrical conductivity and its activation energy) of the Zr02-base systems to depend on the concentration of the substitutional impurity 13_20 > 22-27, 30-32 However, whereas the electrical conductivity isotherms show a maximum near the lower limit of stability of the homogeneous cu- 29 The design of the oven was suggested to us by Dr. A. STIN This behaviour has been discussed as resulting from the size differences between the substitutional cation and the cations of the host lattice 9 .
Within the experimental accuracy, it appears from 33 A very recent work of FORRESTIER 34 on the system Zr02 -Ce02 -Y203 shows that the position of the maximum of the electrical conductivity seems to be only dependent on the nature of the specific system considered and does not correspond at all, as it was previously supposed, with the lower limit of stability of the solid solution.
Oxygen vacancy concentration % Fig. 3 . Plot of the thermoelectric power vs. oxygen vacancies concentration.
• FISCHER 1 system Zr02-Y203; A FISCHER system Zr02 -CaO; * RUKA 2 system Zr02 -CaO; • This work, system ZrO., -Y,03; + This work, system Zr02-CaO "and "ZrO, -CaO -MgO.
Neither RUKA nor FISCHER could discover this dependence, due to the lacking of sufficient and systematic data as a function of the solute concentration.
According to Eq. (12) one could calculate the heterogeneous part of the thermoelectric power if it were possible to do an "a priori" estimation of the partial ionic entropy value of the oxygen ion (see also the Appendix) according to the Fischer formula
in which it is assumed that the entropy of the mixture is evaluated additively from the pure components values.
The results plotted in Fig. 3 for £het have been obtained from the literature values for the binary mixture Zr02 -CaO. It is apparent that the calculated heterogeneous power accounts for the total thermoelectric power at the lower limit of stability of the cubic phase (about 6% of oxygen vacancies) whereas it does not account for the higher concentration values. The function itself is very little sensitive on the concentration. As we got evidence, with separate experiments on the isothermal concentration cell 35 the difference between the ionic radii of the substitutional cations and the cations of the host lattice.
Solid Solution
We will however account for these and other experimental results (on solid solutions of yttria and ytterbia in zirconia) with a less qualitative treatment in a later paper. It is nevertheless whorth to remark This rather obvious conclusion indicates that the heat of transport as well as the ionic entropy terms do not depend on the partial pressure of oxygen, in good agreement with the well known insensitiveness of the vacancy concentration on the partial pressure of oxygen, for these systems and for the experimental range of oxygen pressures chosen 11 .
